ABSTRACT A piezoelectric inertial actuator for magnetorheological fluid (MRF) control using permanent magnet is proposed in this paper. The stable linear motion of the actuator with high controllability is obtained by integrating the piezoelectric vibrator and MRF control structures. The magnetic field distribution between yoke teeth is analyzed by finite element analysis. Laser displacement measuring and scanning vibrometer systems are built to test the output performance of the proposed actuator. The experimental results show that the actuator with MRF control structure has good controllability, with a minimum step displacement of 0.0204 µm and maximum moving speed and a load of 31.15 µm/s and 800 g, respectively. The experiments confirm that the MRF control structure can be used to control the piezoelectric actuator with high controllability and increase the stability of output displacement.
I. INTRODUCTION
Micromanipulation is widely used in cell biology, cytogenetics, and biological breeding. To improve the precision and expand the operational range of micromanipulation, various principles of precision actuators have been proposed in recent years [1] - [3] . Piezoelectric precision actuators have special advantages in precision micromanipulation, including high precision, high stability, long life, and low external interference [4] - [6] . However, the requirements of piezoelectric actuators, such as high controllability, high precision, and high stability at the same time, are difficult to satisfy [7] .
On the basis of the working principle, existing piezoelectric actuators are classified into direct driving [8] , [9] , ultrasonic [10] , [11] , inchworm [12] , [13] , inertial [14] , [15] , and other types. Zhu et al. [16] proposed a piezoelectric direct driving-type actuator that clamps directly through a
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. multilayer piezoelectric element. The actuator performance is influenced by the size of the piezoelectric element, and the stroke of the direct driving type is generally small. Shi and Zhao [17] established a piezoelectric ultrasonictype actuator that operates under a standing-wave excitation signal, where the frictional wear between the stator and the mover reduces the life of the ultrasonic-type actuator. Li et al. [18] designed a piezoelectric inchworm rotary actuator that can output a considerable amount of driving force due to the driving and clamping processes. However, inchworm-type actuators need to cooperate with complex excitation signals, and the contact surfaces require extremely high machining accuracy. Zeng et al. [19] presented an inertial piezoelectric actuator that obtains driving force by setting a large inertia mass. This type of actuator is driven by inertial and frictional forces, and the main working frequency is in the low-frequency range near the first-order natural frequency. Compared with the first three types, inertial-type actuators have the advantages of large stroke, long life, and low requirements on the control system. On the basis of the control method, inertial type actuators can be subdivided into signal [20] , [21] , friction [22] , [23] , and structure [24] - [27] control types. The friction control structure is necessary in inertial-type actuators because the main friction or friction torque can affect the output performance [25] , but controllability is not valued under ordinary circumstances. In addition, the friction or friction torque in inertial-type actuators is mainly obtained by solid-to-solid friction control structure, where friction wear between the contact surfaces and the non-uniform friction force reduces the stability of the actuator. These features limit the further development and application of piezoelectric actuators.
In this article, a piezoelectric inertial actuator for magnetorheological fluid (MRF) control is proposed by combining the driving forces at both ends of the fixed piezoelectric bimorph structure and the shear force generated by the MRF control structure. The ends of the fixed piezoelectric bimorph structure make the inertial masses unnecessary for the driving unit of this structure, thus simplifying the driving structure. The MRF is sheared by the needle, and control of the shear force is obtained by adjusting the magnetic field strength. The proposed actuator has good controllability and high stability of output displacement because the MRF control structure transforms the main friction from solid-to-solid into solidto-liquid friction [28] . The MRF control structure also effectively controls the resistance force and reduces the drawback phenomenon.
This article is organized as follows. Section II describes the structure and working principle of the proposed actuator. Section III conducts a simulation analysis of the permanent magnet and both ends of the fixed structure. Section IV shows the laser displacement measuring and scanning vibrometer systems. Section V presents the performance tests of the actuator. Section VI discusses the conclusion.
II. STRUCTURES AND PRINCIPLES
A. STRUCTURE DESIGN Fig. 1 shows the configuration of the proposed piezoelectric inertial actuator. The actuator [ Fig. 1(a) ] mainly consists of two bimorph piezoelectric vibrators, three gripper blocks, a needle fix device, a pair of linear slide guides (THK, VR2-45HX8Z, Japan), a magnetic field control device, a permanent magnet (10 × 10 × 10 mm 3 , maximum central magnetic field 355.5 mT), a pair of magnet yokes [29] , a moving body, and a base. Bimorph piezoelectric vibrators serve as the driving source of the actuator. The magnetic field control device is used to control the position of the permanent magnet, which influences the magnetizing of yokes. The moving body is bolted to the supporting parallel slide guiders with high linear resolution. All components are carefully assembled and finally secured to the base by six bolts. The working stroke of the linear slide guiders is 45 mm, and the actuator volume is 72 × 60 × 40 mm 3 . The components, distribution state, and connection modes of the needle fix and magnetic field control devices are depicted in Figs. 1(b) and 1(c), respectively. The shapes of the two ends of the clamping block are inconsistent in the two directions, and installation in the same direction can obtain asymmetric clamping [24] . The components, clamping method, and electrical connection of the vibrator are shown in Figs. 1(d) and (e). The actuator can obtain high driving force by accumulating vibrators. Fig. 2 illustrates the shear force of the moving needle in MRF under magnetic and nonmagnetic conditions. Particles in the MRF form magnetic chains in the direction of the generated by the movement of the needle in the MRF increases with the increase of the magnetic field. In the experiment, shear force is controlled by adjusting the position of the permanent magnet. Table 1 shows the main parameters of the MRF. 
B. WORKING PRINCIPLE
On the basis of the inertial impact driving principle, the designed actuator with the asymmetrically clamping structure can follow the guide direction to determine directional movement [24] . Resistance contains the friction and shear force generated by the MRF control structure. ) Step I: When the signal varies from ''a'' to ''b'', the vibrator maintains a bending deformation on the long side, and the moving body is under S1 with no movement.
2)
Step II: When the signal varies from ''b'' to ''c'', the vibrator on the moving body rapidly deforms on the short side. The forward inertial impact force generated by the vibrator enables the moving body to overcome the maximum static friction and move forward by a step displacement of D f , as shown in Process I.
3)
Step III: When the signal varies from ''c'' to ''d'', the vibrator maintains a bending deformation on the short side and the moving body under S2 with no movement. 4) Step IV: When the signal varies from ''d'' to ''e'', the vibrator on the moving body rapidly deforms on the other side. The backward inertial impact force generated by the vibrator enables the moving body to overcome the maximum static friction and move backward by a step displacement of D b . In the meantime, S3 is the beginning state (S1) in the next cycle of the signal, as shown in Process II. Consequently, the moving body moves a small distance D along the slide guide direction on the base. The periodic steps from I to IV enable the actuator to achieve continuous and stable linear movements under signal excitation. The work stroke of the actuator is limited by the size of the MRF space in the base. Theoretically, this actuator can obtain unlimited movement range by accumulating each stroke of the output displacement.
III. SIMULATION ANALYSIS
Finite element method (FEM) is established to simulate the magnetic field distribution between the yoke teeth, wherein a permanent magnet of different strengths and the position of the permanent magnet are the variables in the simulation. The magnet yokes and permanent magnet are fixed. To further explain the simulation, Table 2 lists the parameters used in this study. Fig. 4 shows the simulation results of the magnetic field distribution between the magnet yoke teeth. The results show that the magnetic field distribution increases with the increase of magnetic field intensity of the permanent magnet and decreases with the increase of the permanent magnet position x. This finding proves that magnetic field intensity and the change of magnet position can be used as key control parameters. Fig. 5 shows the laser displacement measuring system, the process of laser sensor testing, the prototype of the designed actuator, and the scanning vibrometer system.
IV. EXPERIMENTAL SYSTEM
The laser displacement measuring system is established [ Fig. 5(a) ] and set on a vibration-isolated optical table. The system mainly contains the prototype [ Fig. 5(c) ], a laser sensor (LK-H080, Keyence, Japan), a personal computer, a power amplifier, and a signal generator. The driving signal of the prototype is generated by the signal generator and then amplified by the power amplifier. Movement of the moving body is detected by the laser head [ Fig. 5(b) ]. The phase changes of the bimorph piezoelectric vibrator fixed at both ends is measured by the scanning vibrometer system [ Fig. 5(d) , PSV-500-3D, Polytec, Germany]. All the data detected from these sensors are transmitted to the personal computer, and the experiments are conducted under the temperature of 25 • C.
V. EXPERIMENTAL RESULTS AND DISCUSSION
To verify the working principle of the actuator, the results of the actuator operation are recorded in the time domain. the natural frequency, the actuator will generate a resonance vibration that will influence the output performance of the proposed actuator. Results 1 to 5 in Fig. 6 explain the bending process of the piezoelectric vibrator from the long clamping side to the short clamping side, corresponding to process I presented in Fig. 3 . Results 5 to 1 in Fig. 6 represent the bending process of the piezoelectric vibrator from the short clamping side to the long clamping side, corresponding to process II presented in Fig. 3 . Deformation of the piezoelectric vibrator shows the forward and backward directions in one period, which is generated by the alternate excitation signal changes between high and low levels of the voltage. The asymmetric clamping structure provides different driving forces in two directions. Therefore, when resistance force is between the two driving forces, the actuator is integrated to obtain a stable linear motion without drawback.
The resistance force contains friction and shear force. The test of the resistance force is shown in Fig. 7 . Levitation mass method (LMM) is used to test resistance force under a needle diameter of 0.3 mm. There is a distance in the magnetic field control device that measures the position of the permanent magnet, and a small distance indicates that the area between the magnet and the yokes is large. The resistance operating range is from 1 mm to 4 mm, wherein the small distance is difficult to operate because of rapid changes, and the change in large distances is extremely small. The resistance force under the operating range is from 0.165 N to 0.0762 N. The nonlinearity of the force in the results is mainly caused by the friction force and the varying magnetic field from the magnetic field control device. Fig. 8 shows the resistance force under a series of needles with different diameters using LMM.
Step displacement is influenced by friction and shear forces from the MRF control structure. The needle diameter is a key parameter to evaluate the projected area of the needle under the MRF. The results show that resistance force increases with increasing needle diameter. The driving force from the vibrator needs to be matched with the appropriate resistance force. Therefore, the needle diameter is set at 0.3 mm. Fig. 9 shows the test results of the prototype, where the continuous track motions of the moving body detected by the laser sensor are excited by a square-wave signal of 1 Hz and 10 V. A comparison test is designed to clearly show the effects of the MRF control structure. One is equipped with the MRF control structure, and the other test is not. To control the experimental variable, the other conditions should be consistent. At the distance x = 3 mm, the magnetic field strength in the middle of the yoke teeth is tested at 225.5 mT. The drawback rate ε d can be presented as where D f denotes the forward displacement in one step, and D b is the backward displacement in one step. Low drawback rate means high efficiency and stability. Based on the results presented in Table 3 , the prototype with MRF control structure has no drawback and high linearity, thereby indicating that the actuator has good output performance. The slope change in the results show that a frictional change occurs in the structure without MRF control structure, and the friction increases and then gradually becomes uniform. Subsequent experiments are tested under the same magnetic field condition because of the good experiment results obtained.
Frequency characteristic affects the best resolution and the output performance. Fig. 10 presents the average displacement with the different voltages under various driving frequencies. The frequency curve is obtained at the frequency range of 1-50 Hz. The frequency curve first drops and then begins to rise. The first peaks occur at 0.68, 1.205, and 2.832 µm at voltages of 10, 20, and 30 V, respectively, when the frequency is at 11 Hz. The frequency at 11 Hz is considered near the first-order resonant frequency VOLUME 7, 2019 of the driving force structure, which fits with the results of the phase change test. Fig. 11 shows the average step displacement of the actuator under a series of voltages with different frequencies of 1, 11, 26, and 45 Hz. In the voltage characteristics test, the actuator cannot output stable displacement when the voltage of the excitation signal is lower than 2.5 V, which can be seen as the starting voltage of this actuator. This finding can be attributed to the maximum static friction of the actuator and the driving force generated by the piezoelectric vibrators. When the excitation voltage exceeds the starting voltage, the actuator begins to output displacement. With increasing excitation voltage, the output displacement of the actuator increases. Fig. 12 shows a comparison of the experimental of the best resolution of the actuator at a square-wave signal of 45 Hz frequency and a series of driving voltages. In each case, the output displacement was accumulated by the actuator moving for 1s and detecting the slider under the driving voltage for 2.5, 5 and 7.5 v. The average output step displacements in the experimental actuator is at 0.918, 1.575, and 2.385 µm for these driving voltages. As a result, the proposed actuator can obtain continuous stable linear motion with a minimum resolution of 0.0204 µm in the experiments. After the experimental results, the trend of the curve is basically the same, but the cumulative displacement of 45 cycles in the experimental results is nonlinearity due to the damping and friction.
Motion stability of the actuator is one of the most important attributes that significantly influence the application. Therefore, repeatability of the actuator is tested as the key index. Fig. 13 shows the experimental results of accumulation displacement in 1 s of the proposed actuator under 45 Hz frequency and 2.5 V. Twenty groups of tests are conducted, and the range, average, and sample standard deviation are calculated. The results illustrate that the range is 0.086 µm (0.861-0.947 µm), the average accumulated displacement in 1 s is 0.912 µm, and the sample standard deviation is 0.021 µm. Moreover, the proposed actuator has good repeatability because the calculation results of the range and the sample standard deviation are all in the low levels.
Application of the actuator requires a loading capacity test. Loading capacity is another basic attribute that measures output performance, wherein external load will affect output displacement in practical applications. In this study, the external load capacity of the actuator is tested, and the results are shown in Fig. 14 of the average step with a series of loads under a square-wave signal of 30 V and 1 Hz. When the external load increases, the average step shows a decreasing trend, and the maximum load can reach up to 800 g with stable output. Table 4 shows the main parameters and performance comparison of the proposed actuator with other actuators found in literature. The proposed actuator is easier to operate and can obtain output displacement with no drawbacks. Furthermore, it generates increased resolution and larger carrying load, and the MRF control structure greatly improves controllability.
VI. CONCLUSION
A piezoelectric inertial actuator using MRF control technology is designed, fabricated, and tested in this study. Some significant conclusions are briefly summarized below.
1. An asymmetrical clamping structure fixed at both ends is used to generate driving force, and an MRF friction control structure is used to control the main friction of the actuator, which is applied to the piezoelectric actuator for the first time.
2. A series of experiments is performed to evaluate the output displacement, loading, and resolution characteristics of the actuator. The prototype can be easily controlled to move forward and backward with different channel signals by using two clamping directions of piezoelectric vibrators. The resolution of the prototype is 0.0204 µm under a squarewave signal of 2.5 V and 45 Hz with a clamping difference of 5 mm. The maximum carrying load is 800 g, sample standard deviation is 0.06, driving frequency is 1 Hz, and driving voltage is 30 V.
To summarize, the experimental results show that the proposed actuator controlled by the MRF structure can obtain high controllability and stability. However, the influencing factors are the magnetic field strength of the permanent magnet, the maximum yield stress of the MRF, temperature, and the shape of the magnet yokes. In future research, MRF control technology will be improved from the above points. 
